The objective of this paper is to evaluate the dependence of the flight-path when height changes as function of time on the aerodynamic characteristics of single rectangular wings with aspect ratios between 4 and 12 due to dynamic ground effect using an unsteady vortexring panel code, which uses a time-stepping method and the image method to simulate climb and sink maneuvers with a free wake. It is observed that each maneuver has different effects on lift, drag, and pitching moment coefficients. For a constant rate of descent and climb maneuvers, the flight path angle has an important impact over the results increasing the lift and induced drag coefficients and decreasing the pitching moment coefficient as the flight path angle decreases because the flight path angle is linked to the effective angle of attack. In contrast, no evident relation is appreciated between the static and dynamic ground effect in flare. Lift and induced drag spanwise distributions are also considerably affected by the specific maneuver. Finally, the nondimensional h derivatives are related to the flight path of the wing in ground effect. 
I. Introduction
ARIATIONS of the aerodynamic characteristics of wings and airplanes due to ground proximity have been widely studied. Early approaches were made by Wieselberger, 1 who analyzed the diminution of induced drag in wings by the reflection principle (later called image method) and presented an expression to estimate the drag reduction factor. The image method has been used to model aircrafts in ground effect; it models the ground plane at half the distance of an inverted mirror image of the wing. The drag reduction factor (G) is the relation between the induced drag coefficient in ground effect and that one at free flight, and there are many closed-form relations in the literature to estimate it. 2, 3 Wind tunnel testing carried out on wings of aspect ratio equal to 3.46 and 5.18 shows an increase in lift (including the maximum lift coefficient) with an important reduction of induced drag and a systematic increase of the viscous drag due to ground effect respect to free flight data. 4 Phillips and Hunsaker 5 proposed an analytical expression for estimating the change of lift in ground effect for unswept, untwisted wings without dihedral.
The analytical expressions previously mentioned to estimate the variation of aerodynamic coefficients with height aboveground 2, 3, 5 consider that the wing or air vehicle flies at constant altitude. Modeling airfoils and wings at fixed heights is not enough to appreciate the aerodynamic characteristics in take-off or landing, therefore, Chen and Schweikhard 6 simulated a two-dimensional flat plate at low angles of attack in sink maneuvers using a quasi-vortex lattice method with a discrete vortex shedding to obtain the lift coefficient in this condition known as dynamic ground effect. Differences were found between the data achieved at fixed heights (static ground effect) and those calculated in dynamic ground effect.
Katz 7 developed a mathematical model to study the near-ground effect of high-speed tridimensional wings, using the vortex lattice and image methods including a free wake. This was applied to study the static and dynamic ground effect in race car components. It was reported for some configurations that lift values obtained in dynamic simulations doubled the values attained in static ground effect.
Nuhait and Mook 8 developed a dynamic vortex lattice model for wings of any shape with free wake, only using flat wings in straight flight paths, obtaining that the aerodynamic coefficients were underestimated in the static ground effect and increased as the sink rate and aspect ratio of rectangular and delta wings increased. Nuhait and Zedan 9 developed a dynamic model with a free wake and the image method of a flat plate moving aboveground, and it could be appreciated that the shape and position of the wake are influenced by the ground plane when the values of the sink rate and height aboveground are low; however, for high sink rates, the position of the wake is less dependent on the ground effect. Then, Nuhait 10 carried out simulations on cambered wings and observed that the lift and moment coefficient increased when the wing approached the ground, but this effect was reduced as the sink rate increased. Moreover, the maximum camber position and aspect ratio increase the influence of the ground effect.
Schmid, Lutz and Krämer 11 present the influence of ground effect modeling in wings using the finite volume simulation software FLOWer and the panel method code UNPAC; the results of their study indicate that modeling the ground as a frictionless or moving wall returns results very similar to the experimental models; besides, there is a bad correlation when it is simulated as a no-slip wall.
Boschetti et al. 12 established that the vortex lattice method and the panel method are capable of accurately simulating the ground effect, with the exception of the vortex lattice method which has no good correlations with analytical data for H/b>0.25. Simulations performed by the vortex-ring method code on a rectangular wing of high aspect ratio at a constant sink rate and in flare maneuver show that the lift coefficient increases with the sink rate and the drag coefficient is greatly decreased due to ground effect in flare. Also, lift and drag coefficients decrease as the flight path angle reduces. 13 Boschetti and Cárdenas 14 established that the h derivatives have a strong influence in the longitudinal stability of airplanes, and then Boschetti, Quijada, and Cárdenas 15 concluded that the sink rate produces significant variations on the aerodynamic coefficients of a wing, also proving that different models must be created to simulate different flight paths. The h derivatives define the variation of the aerodynamic coefficients as functions of height. 16 Research works 17, 18 carried out on ekranoplans (also known as Wing-in-Ground Effect vehicles, WIG) assume that the h derivatives are independent of the flight condition, mainly because these vehicles fly close to the ground with a relatively small variation of height during flight, describing a homogeneous flight path for the entire envelope. In contrast, for airplanes that fly near the ground, mainly in take-off and landing and for short periods of time describing rapid variations of height, it has been demonstrated that the nondimensional h derivatives are linked to a specific history of the flight path or trajectory due to flow downstream. 19 The objective of this paper is to evaluate the dependence of the flight-path when height changes as a function of time on the aerodynamic characteristics (including h derivatives) of single rectangular wings due to dynamic ground effect, using an unsteady vortex-ring panel code. 
When height changes as a function of time, the aerodynamic coefficient becomes a function of nondimensional height, effective angle of attack, and flight path history, so the longitudinal aerodynamic coefficients for a wing or flight vehicle are expressed as,
To estimate the nondimensional h derivatives, Boschetti and Cárdenas recommend subtracting the nondimensional coefficients obtained in static ground effect from those achieved in dynamic ground effect at the same height aboveground:
III. Method
A group of straight, untwisted, and thin wings with aspect ratios between 4 and 12 was used to perform simulations in ground effect using a panel code previously developed, capable of simulating unsteady, incompressible, and inviscid fluid flow. The Laplace equation is solved by the code to obtain the flow field, using as a singularity the vortex-ring elements defined by Katz and Plotkin, satisfying both the no-penetration boundary condition, the Kutta condition, and the flow disturbance diminution far from the wing. 20 The time-marching method 21 is employed to generate a free deformable wake. Two schemes are considered: the predictor-corrector, in which the wake panel geometry and location are corrected only at t-Δt (Ref. 13) , and the relaxed wake model where the entire wake is corrected at each time step. The discretized equation for no-penetration boundary condition is solved to estimate the strength of each panel-ring vortex. Knowing this strength distribution, the pressure between the upper and lower surfaces is calculated, and the forces and moments are estimated by pressure integration. The code models the ground plane via the image method.
A rectangular wing of aspect ratio equal to 8.5877 formed by a NACA 4415 airfoil and an angle of incidence of 2.37 deg was employed in this study because there are aerodynamic data previously obtained through advanced high order and low order panel codes 12, 14 and by a previous version of code used herein in sink maneuvers. 13, 15 Rectangular wings of aspect ratio equal to 4, 8, and 12 formed with a NACA4415 airfoil section and an angle of incidence of 2.37 deg were analyzed to evaluate the influence of aspect ratio in dynamic ground effect. a. Initial angle of attack equal to 8 deg, and flight path angle equal to 2 deg. 12. Take-off maneuver at initial angle of attack equal to 6 deg. In flare, take-off, constant rate of descent, and constant rate of climb maneuvers, height changes as a function of time and the angle of attack is linked to vertical rate, as shown,
The flare maneuver is modeled using the classical expression defined by Blakelock, 22 knowing that the sink rate H is equal to −H∕τ, and τ is estimated employing the distance to the touchdown point, 
IV. Results and Discussion
Figures 1-3 present the changes of lift, drag, and pitching moment coefficients as a function of time, respectively, calculated using the vortex-ring panel code for the wing of aspect ratio of 8.5877 described before, at an angle of attack equal to zero and a height to span ratio of 1.0160, using 34 and 10 of spanwise and chordwise divisions, respectively, and a wake shedding time frame of 1 s. Figure 4 shows the panel geometry of the wing. The values of these coefficients reach a steady condition at 6 s and for this reason, the coefficients in static ground effect were calculated at this time value. Figures 5 and 6 illustrate the wakes generated for the wing at a constant height at an angle of attack equal to zero at two different altitudes and it can be appreciated how these are influenced by the ground plane. Figures 7 and 8 present the drag reduction factor and the lift ground effect influence ratio as a function of height to span ratio, respectively. The values of the drag reduction factor computed by the vortex-ring panel code are in good agreement with the values estimated by the analytical Eqs. (1) and (2) and using the numerical panel codes PANAIR, 12 CMARC, 14 and AVL, 12 achieving a maximum difference with these analytical expressions of 7.01%. For lift ground effect influence ratio, although the values calculated using the vortex-ring panel code present similar trends to those obtained by the analytical expression and other numerical methods, the difference with the results attained by Eq. (3) and AVL increase as height to span ratio decreases, reaching differences of 30.032% and 16.01%, respectively, for H/b=0.108. 
A. Sink maneuvers
Before starting each sink maneuver, the wing flies at a constant height aboveground equal to H/b=1.016 until the aerodynamic coefficients show a steady condition; then the wing performs the corresponding constant sink maneuver which is stopped at H/b=0.1488, beginning a flight at constant height aboveground until a steady condition is attained.
Figures 9 and 10 illustrate the wakes generated by the wing of aspect ratio equal to 8.5877 employing the predictorcorrector scheme and the relaxed wake model, respectively, at a constant rate of descent and in flare at α0=0 and γ0=-2 deg. Despite the differences between the shapes of the waves, the maximum numerical difference between the values of the aerodynamic coefficients calculated considering both schemes is less than 1%.
Figures 11-13 show lift and induced drag coefficients in flare (varying rate of descent) and at a constant sink rate maneuver for the wing of RA=8.5877. The decrease of the flight path angle generates an increase in the lift and induced drag coefficients. Additionally, the lift coefficient increases as the induced drag coefficient decreases when the wing approaches the ground for H/b<0.8; this is caused by a reduced downwash over the wing's bound vortex system. 4 Wings of aspect ratios of 4, 8 and 12 were simulated in the same conditions described for the other wing. Figures  14-16 show that the lift coefficient obtained for the different maneuvers at the beginning of the simulations are very similar. In flare, when the wing starts the maneuver, the lift coefficient decreases for 0.25<H/b<0.8 and increases for H/b<0.25. In addition, the flight path angle has an important influence on the values achieved in constant sink rate; the lift coefficient increases with the reduction of the flight path angle, similar to the effect caused by the increment of the effective angle of attack, which is a similar shape to that found in static ground effect. Therefore, the specific maneuver influences the results. Additionally, the ground effect increases with aspect ratio. Figures 17-19 illustrate that the pitching moment coefficient has an inverse behavior to that described for the lift coefficient. show that the induced drag coefficients obtained in flare for wings of different aspect ratios are very similar and the induced drag decreases with height to span ratio, except for RA=4 at H/b>0.3, in which the induced drag increases. This phenomenon is more significant for greater effective angles of attack. A comparison between the values achieved at a constant sink rate and those in static ground effect shows that the induced drag coefficient increases with the diminution of the flight path angle, emulating a larger effective angle of attack.
B. Climb maneuvers
As shown previously for sink maneuvers, before starting each climb maneuver, the wing moves at a constant height aboveground equal to H/b=0.1488 until the aerodynamic coefficients present a steady condition, and then this carries out the corresponding climb maneuver.
Figures 23 and 24 compare the wake generated considering the predictor-corrector scheme and the relaxed wake model at a constant rate of climb and in take-off, respectively, at α0=-0.37 deg and γ0=2 deg. The numerical difference between the aerodynamic coefficients computed considering both models is lower than 1%.
Figures 25-27 correspond to the wing of aspect ratio equal to 8.5877. These show that the lift coefficient decreases and the induced drag reduces as H/b increases, except for the drag coefficient attained at a constant rate of climb at H/b<0.2, where the drag coefficient shows a significant increment. When the flight path angle increases, the lift and drag coefficients diminish. Figures 34-36 show that the aspect ratio has an important influence on the induced drag coefficient. This increases with height to span ratio, except for the values resulting for RA=4 in static ground effect and take-off at H/b<0.2. For the wing of RA=4, the induced drag coefficient, which remained similar for each effective angle of attack, differs from the values for the other wings as the effective angle of attack increases. The induced drag coefficient decreases with the increase of the flight path angle. For wings with an aspect ratio equal to 8 and 12, the induced drag coefficient has small variations as it approaches the last part of the constant rate of climb maneuver. This behavior is observed for α=2 deg at H/b>0.25. For an effective angle of attack equal to 6 deg, CDi diminishes considerably until it reaches H/b<0.2 and then, it increases significantly.
C. Spanwise lift and induced drag distributions
Spanwise lift and induced drag coefficient distributions were computed in sink and climb maneuvers. Figure 39 shows a similar behavior in flare, with a narrower spread of the spanwise lift coefficient distribution. Figure 38 illustrates that the spanwise induced drag coefficient distribution is almost constant at the wing tips. After the first two-time frames, the midspan section of the distribution presents a higher decrease, which coincides with the results obtained by Phillips and Hunsaker 5 for a wing in static ground effect, where the downwash reduction was higher in the center of the wing. In flare shown in Fig. 40 , the shape of the distribution is almost constant and small variations are observed when compared to the constant sink rate case; the whole distribution decreases with height to span ratio. Figures 41 and 42 indicate that the spanwise lift coefficient distribution in climb maneuvers decreases as the values of height to span ratio become higher for H/b<0.738. For take-off, the lift distribution has a narrower spread than the one at a constant rate of climb. The spanwise induced drag distribution at a constant rate of climb approximates to a constant value along the wingspan as H/b increases, similarly to in take-off shown in Fig. 44 for H/b<0.38. For higher H/b values, the distribution increases similarly to the flare results.
D. The nondimensional h derivatives
Figures 45 to 47 present the lift, pitching moment, and induced drag coefficients obtained for a rectangular wing of aspect ratio of 8.5877 and an angle of incidence equal to zero in flare at α0=0 and γ0=-2 deg, respectively, and these are compared with the resultant values at constant sink rate at the same angles of attack that the wing achieves during flare maneuver at each height with α0=0. No correlation is found between the values obtained by both maneuvers even at the same effective angle of attack. This observation was previously achieved by Boschetti and Cárdenas. 19 Figures 48 to 50 illustrate the aerodynamic coefficients calculated in take-off compared with those attained at a constant rate of climb using the angles of attack achieved by the wing in a take-off maneuver at α0=0 and γ0=2 deg. Again, the values achieved by both maneuvers show no correlation. These aerodynamic coefficients were employed to estimate the h derivatives by the procedure described in Ref. 15 , and using the stability coefficient for this wing at different heights aboveground in Ref. 15 . Table 1 summarizes the nondimensional h derivatives acquired in flare and at a constant rate of descent, and Table 2 shows those estimated at a constant rate of climb and in take-off. The nondimensional h derivatives presented in Tables 1  and 2 corresponding to a constant sink rate and constant rate of climb were estimated for the same angles of attack achieved by the wing in flare and take-off, respectively. The h derivatives increase as the nondimensional height decreases during the flare maneuver, which is the opposite of what occurs at a constant sink rate. Moreover, the h derivatives increase in flare and decrease at a constant rate of descent when the nondimensional height decreases. In flare, the h derivative variations are more significant than the variations of those obtained at a constant rate of descent. The h derivatives related to lift and induced drag coefficients in both climb maneuvers increase with the nondimensional height. The opposite relation occurs for the pitching moment coefficient.
Figures 51 to 53 show the nondimensional h derivatives obtained in flare at γ0=-2 deg, and Figs. 54 to 56 show those estimated in take-off at γ0=2 deg, for initial angles of attack equal to 0, 2, and 4 deg. Equations (8) and (9) show the expressions that best fit with the data obtained in both maneuvers, respectively, and Figures 51 to 56 also illustrate the surface plot from these equations. It could be observed that the h derivatives have larger variations for higher angles of attack in both maneuvers. 
